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Abstract 

During the last 20 years, the management of heart failure has significantly improved by means of new pharmacotherapies, more timely 
invasive treatments and device assisted therapies. Indeed, advances in mechanical support, namely with the development of more efficient 
left ventricular assist devices (LVADs), and the total artificial heart have reduced mortality and morbidity in patients awaiting transplantation, 
so much so, that LVADs are now approved of as a strategy for destination therapy. In this review, the authors describe in detail the current 
basic indications, functioning modalities, main limitations of surgical LAVDs, total artificial heart development, and percutaneous assist 
devices, trying to clarify this complex, but fascinating topic. 
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1 Introduction 

The prevalence of heart failure is increasing and the prog- 
nosis of advanced heart failure remains dismal. 111 The cur- 
rent gold-standard therapy in advanced heart failure remains 
cardiac transplantation, but the eligible candidates far out- 
number the available donor organs. During the last 20 years, 
significant progress has been made in the treatment of heart 
failure, related not only to new pharmacotherapies [Angio- 
tensin converting enzyme (ACE) inhibitors and beta-bloc- 
kers], but also to device therapy and invasive treatment. 12-61 
These advances have resulted in an improved prognosis and 
also quality of life in patients with severe advanced heart 
failure. Advances in mechanical support, the development 
of the left ventricular assist devices (LVADs), and the total 
artificial heart have reduced mortality and morbidity in 
patients awaiting transplantation. Furthermore, LVADs are 
now approved for use as a strategy for destination therapy. 

In this comprehensive review, we present the current 
knowledge on cardiocirculatory assist devices: basic know- 
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ledge of their functioning principles and results which should 
be the armamentarium of cardiovascular professionals and/ 
or general physicians who may be occasionally involved in 
the management of patients bearing such technology. 

2 Considerations about advanced heart failure 

In United States, the one year mortality rate among pati- 
ents with advanced heart failure still remains high: in 1994- 
1997, it was about 20%, with a 3-year mortality of 67%. [7] 
In 1999 — 2001, corresponding mortality rates were 12% and 
79%, respectively.' 71 The effects of treatment depend on the 
age of patients. Prognosis in patients aged over 75 years is 
significantly worse with one-year mortality among patients 
more than 75 years of age about 37%, and three-year morta- 
lity about 60%. [7 ~ 101 These outcomes are not dissimilar from 
those in Europe. Heart transplantation remains the preferred 
strategy in eligible patients. Outcomes after heart transplan- 
tation improved substantially with the introduction of modern 
treatment, mainly with calcineurin inhibitors, such as cyclo- 
sporine. Data from the International Society for Heart and 
Lung Transplantation (ISHLT) registry show between 1993 — 
2000, survival at 1, 3, 5, and 10 years was about 85%, 75%, 
70%, and 50%, respectively/ 11 ' 121 with some further improve- 
ment occurring in the last 10 years. 

Unfortunately, in Europe, only less that one half of the 
eligible patients undergo timely transplantation, and there - 
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fore chronic LVADs is becoming an option. Nevertheless, 
data from Europe show that, among all patients receiving 
ventricular assist devices (VADs) as a temporary procedure, 
only 25% eventually receive a heart within one year.' 131 A 
pool of patients in a chronic circulatory support state for an 
indefinite period of time is thus created representing an em- 
erging health care issue. 1141 A strategy of heart transplanta- 
tion versus LVADs should be balanced against advantages 
and disadvantages (Tablel). 

3 Past and present of the mechanical circu- 
latory support 

Forty years ago, the functional replacement of the human 
heart was already a topic of intense public interest, not just 
because the first heart transplantation had been performed in 
December 1967, but also because the development and 
clinical applications of artificial hearts were already under- 
way. A pneumatically driven, two-chambered apparatus was 
then being developed for total heart replacement. 1151 Unlike 
heart transplantation, however, the artificial heart failed to 
become established in clinical practice in that early period, 1161 
and the type of artificial heart that was then under develop- 
ment is in clinical use today in only a few special situations. 

The original type of artificial heart exhibited major tech- 
nical flaws, and the need to power it with a very large, extra- 
corporeal console made it utterly impractical for permanent 
therapy as we know it today. [17] 

In order to address these technical problems, the artificial 
ventricles were moved outside the body: this step meant that 
what had originally been intended as an artificial heart was 
transformed into a ventricular assist device. 1 ' 81 This techno- 
logy was successfully applied and is still in use today. Exper- 



ience has shown that the functional replacement of both 
cardiac ventricles is not necessary in every case; rather, left 
ventricular assistance alone usually suffices. 1191 

In the 1990s, implantable, electrically powered left ven- 
tricular assist devices came onto the market. These large 
and heavy displacement pumps were implanted in a pocket 
below the diaphragm 1201 and connected to the apex of the 
left ventricle and to the ascending aorta. They were conne- 
cted to an external electric power supply through a percu- 
taneous cable: this was the origin of the configuration that is 
still the most common one in use today, 1211 i.e., an implanted 
pump with a transcutaneous connection to a power supply. 
The unsatisfactory aspects of this solution were the size of 
the apparatus, the noise it made, the risk of infection, embo- 
lization, and the limited mechanical durability. Using such a 
device as the sole method of treatment (destination therapy) 
was found to give patients a significantly higher chance of 
survival at one year when compared to conservative treat- 
ment [Randomized Evaluation of Mechanical Assistance for 
the Treatment of Congestive Heart failure (REMATCH) 
trial. 1221 Again, the limited mechanical durability of the 
apparatus at two years became a critical issue when the 
survival advantage appeared to be no more than marginal. 

The second generation of LVADs consisted of axial pu- 
mps. The new technology opened up new possibilities: these 
LVADs provide continuous blood flow without valves, are 
relatively small and light, and remain mechanically stable 
for years. When they were first used, there were major pro- 
blems related to coagulation, 1231 but technical modifications 
and improved anticoagulation schemes have largely circum- 
vented these difficulties. The incidence of infections and neu- 
rological complications is also much lower than before: first- 
generation LVADs were found in the REMATCH trial to be 



Table 1. Advantages and disadvantages of heart transplantation versus cardiac assistance systems. 





Heart transplantation 


Cardiac assistance systems 


Advantages 


Definitive treatment 


Immediately available 




Normal physical activity 


Planned intervention 




Good long-term prognosis 


Good level of physical activity achievable 
Recovery of native heart possible 


Disadvantages 


Lack of donor organs 


Dependency on device 




Disease can arise in the donor organ 


Device must be continually supplied with power 




Risk of transplant vasculopathy 


Cardiac arrhythmia 




Immune suppression 


Anticoagulation (hemorrhage, stroke) 




Renal failure 


Risk of infection 




Neoplasia 






Susceptibility to infection 






Diabetes mellitus 






Hypertension 
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associated with 0.39 severe neurological disturbances per 
patient-year, while the comparable figure in a study of axial 
pumps (second-generation LVADs) was only 0.18 strokes 
per patient-year.' 241 The latter results of an incidence of 0.18 
strokes per patient-year were duplicated in a trial of a 
third-generation device (Ventracor). 1251 

Moreover, it has now become clear that continuous blood 
flow, with loss of the pulse, is physiologically' 261 entirely 
unproblematic. 1271 The neurocognitive disturbances associa- 
ted with advanced heart failure can be improved with pulse- 
less LVADs, just as they can with pulsatile devices. 1281 The 
patient also remains able to compensate for the increasing 
physical stress of exercise after the native heart has been 
relieved of its functional burden. 1291 Because of potential pro- 
blems in the non-invasive measurement of blood pressure, 
as well as the inability to record a capillary pulse, the usual 
treatment modalities need to be altered for patients bearing 
pulseless LVADs. In particular, when medical or surgical 
treatments are needed independently of the cardiac situation, 
consultation with an implanting institution is recommended. 
These patients also have an elevated tendency to bleed, e.g., 
during dental or surgical procedures, partly due to necessary 
anticoagulation, partly because of acquired platelet dys- 
function, and perhaps also as a consequence of acquired von 
Willebrand syndrome. 1301 It follows that such procedures 
should only be performed in specialized centres. 

4 Assist device systems 

Many devices have been developed as replacement the- 
rapy, either as a pump or as a stable electrical system, with 
the aim of supporting the failing heart in critically ill pat- 
ients with advanced heart failure. Depending on the part- 
icular device used, both the right and left ventricle can be 
assisted with the same concept, i.e., blood is removed from 
the failing ventricle into a pump and delivered to either aorta 
or pulmonary artery. Assist cardiac devices can be classified 
as total artificial heart (TAH) and VADs depending on their 
application (Table 2). Pulsatile devices were the first gene- 
ration of pumps introduced clinically, but have a large size, 
multiple moving parts andean be implanted intra-corporeally 
or para-corporeally. The second generation of continuous 
flow pumps are miniaturized and have a single moving part: 
they permit intra-corporeal placement due to their small size. 
A third generation of blood pumps with mechanical non- 
contact magnetic bearings have been more recently evalu- 
ated in clinical studies. In addition, blood pumps can be gro- 
uped into either pulsatile or non-pulsatile based on their ope- 
rational mechanism. Pulsatile pumps utilize inflow and out- 
flow valves to pump the blood in one direction, whereas non- 



pulsatile pumps create an unidirectional flow without using 
valves. The features of the two different philosophies are 
summarized in Table 3. 



Table 2. Classif ication of cardiocirculatory devices. 



Generation pump 


TAH 


VAD 


First 


Jarvick 7 


HeartMate I 




Abiocor 


Novacor 




Lion Heart 




Second 


CardioWest 


MicroMed DeBakey 






Jarvick 2000 






HeartMate II 


Third 




HeartMate III 


TAH: total artificial heart; VAD: ventricular assist devices. 


Table3. Differences between pulsatile and non-pulsatile devices. 




Pulsatile 


Non-pulsatile 


Size 


Large 


Smaller 


Mechanism 


Complex 


Simpler 


Control 


Complex 


Simpler 


Valves 


Two 


None 


Compliance 


One 


None 


Implantability 


Complex 


Simpler 


Overall system 


Same 


Same 


Cost 


Higher 


Lower 



4.1 LAVD devices and their indications 

VADs have been used in three clinical situations: as a 
bridge to transplantation, when clinical status of patients 
who are listed for transplantation is deteriorating rapidly 
before a suitable donor heart becomes available; as a bridge 
to recovery, in patients who are expected to recover left ven- 
tricular function, e.g., post-cardiotomy shock and fulminant 
myocarditis; or as alternative to heart transplantation, in pat- 
ients not considered candidates for this procedure ('destin- 
ation' therapy) (Table 4,5). [31] 

Several devices have been tested and validated for use as 
a bridge to transplantation including the first generation dev- 
ices, Novacor left ventricular assist (LVAS) (World Heart 
Corporation), 132 ' 331 the HeartMate XVE (Thoratec Corpor- 
ation), 1341 and the Thoratec para-corporeal and intra-corpo- 
real devices. 1351 

Newer second generation devices used as a bridge to trans- 
plantation include intra-corporeal devices, as the axial flow 
pumps HeartMate II, [36] Jarvik 2000, [37] and the Micro-Med 
DeBakey VAD. 1381 These pumps are small and generate flows 
of more than 5 L/min. These devices produce a non-pulsatile 
flow and have potential advantages of improved durability, 
simple management and silent functioning. Such VADs have 
been successfully used in patients who are expected to recover 
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Table 4. Indications for mechanical circulatory support. 



Bridge to transplantation: patients with such severe reductions in cardiac output or non-cardiac co-morbidities that survival and successful 
cardiac transplantation are unlikely without mechanical circulatory support 

Impending cardiogenic shock despite inotropic support + IABP acute renal dysfunction (creatinine > 2.0) that is deemed secondary to insufficient renal 
blood flow and is poorly responsive to inotropic support. 

Pulmonary hypertension (PA systolic pressure > 60 mmHg) that persist despite optimal medical and inotropic therapy and is presumed to have a 

reactive component that would respond to prolonged normalization of left atrial pressure (with mechanical circulatory support). 
Bridge to recovery (for patients with otherwise fatal low cardiac output in situations where recovery is possible or probable) 

Acute myocardial infarction complicated by cardiogenic shock. 

Acute myocarditis with shock. 

Acute cardiac failure following cardiac surgery. 
Long-term device therapy (for patients with one or more major contraindications to cardiac transplant) 

Class IV heart failure with chronic refractory and disabling heart failure symptoms despite optimal therapy: 

1. Peak oxygen consumption < 12-14 mL (kg/min) with cardiac limitation 

2. Dependence on intravenous inotropic support 

Class IV heart failure with expected mortality exceeding 50% in one year 



IABP: intra-aortic balloon pump. 

Table 5. Summary of the typical uses of the more investigated devices in the current era. 



Bridge to transplantation 



Bridge to recovery 



Destination therapy 



Novacor LVAS (World Heart Corporation) 
HeartMate VE (Thoratec Corporation) 
HeartMate II 
Jarvik 2000 

Micro-Med DeBakey VAD 

INCOR (Berlin Heart AG, Berlin, Germany) LVAD 
Levitronix CentriMag maglev pump 



Abiomed BVS 
Levitronix CentriMag 



HeartMate XVE 1 
HeartMate II 2 
Jarvik 2000 2 
DeBakey VAD 2 

VentrAssist left ventricular assist system (Ventracor) 2 



the only one approved as destination therapy; subjects of ongoing clinical evaluation to test the use as heart failure destination therapy . BVS: biventricular 
system; LVAD: left ventricular assist devices; LVAS: left ventricular assist; VAD: ventricular assist device. 



sufficient myocardial function. The first condition is related 
to patients with compromised left ventricular function who 
have undergone long operations. Because of the severity of 
the post-operative circulatory shock, short term mechanical 
support as a bridge to recovery is often needed. An addi- 
tional indication for VADs implantation as a bridge to reco- 
very is post acute myocardial infarction shock, when traditi- 
onal inotropic support and intra-aortic balloon pump counter- 
pulsation appear insufficient for good hemodynamic status 
and too weak to reverse the stunning of damaged myocar- 
dium. Patients affected by fulminant myocarditis with severe 
hemodynamic compromise recover fully in the majority of 
cases after VAD implantation. Finally, the last 'bridge to 
recovery' indication is the transient support of the right vent- 
ricle failure following LVAD therapy or heart transplan- 
tation. In these cases, right ventricular assist device (RVAD) 
support for a few days is sufficient to improve right ventri- 
cular function. The Abiomed biventricular system (BVS) is 
one of the devices employed as a short term bridge to reco- 
very. This device, not widely used in Europe, is simple to 



use, able to support both ventricles and useful for inter-hos- 
pital transfer. 1 1 

Finally, VADs are selectively deployed in 'destination' 
therapy as alternatives to heart transplantation in patients not 
considered candidates for this procedure. To date, the Heart- 
Mate XVE has been approved for this purpose, but several 
newer devices are being evaluated for destination therapy. 

Third generation devices utilizing magnetic and/or hydro- 
dynamic levitation of the impeller without any contact bea- 
rings with the pump include the extra-corporeal systems 
such as Levitronix CentriMag maglev pump/ 401 the magne- 
tically suspended axial flow INCOR (Berlin Heart AG, Ber- 
lin, Germany) LVAD, 1411 the HeartWare which uses hydro- 
dynamic and magnetic levitation for suspension,' 421 the 
HeartMate III which uses full magnetic suspension' 431 and 
the DuraHeart (Terumo Somerset, USA).' 441 

Recently, the Synergy Pocket Micro-pump device (Circu- 
Lite, Inc., Saddle Brook, New Jersey) has been investigated 
as partial cardiac support. It pumps approximately 3.0 L/min, 
is implanted (off pump) via a mini-thoracotomy, and is posi- 
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tioned in a right subclavicular subcutaneous pocket (like a pace- 
maker). The inflow cannula inserts into the left atrium while 
the outflow graft connects to the right subclavian artery.' 45 ' 

Simulations demonstrated that partial support (2 to 3 Umin) 
with this device increased total cardiac output (left ventri- 
cular assist device output plus native heart output) by more 
than 1 L/min and decreased left ventricular end-diastolic 
pressure by 7 to 10 mmHg in the presence of moderate-to- 
advanced heart failure. Analyses showed that the hemo- 
dynamic benefits of increased cardiac output and decreased 
left ventricular end-diastolic pressure are greater in less- 
dilated and less-dysfunctional hearts. Both the relationships 
between ventricular assist device flow and cardiac output 
and ventricular assist device flow and left atrial pressure 
predicted by the model closely approximated the same rela- 
tionships obtained during the hemodynamic study in a bov- 
ine heart failure model. 

4.2 Special case: post-cardiotomy failure 

Post-cardiotomy failure occurs in 2%-6% of all cardiac sur- 
gical procedures, most commonly as a result of myocardial 
stunning or hibernation during cardiopulmonary bypass.' 461 
Post-cardiotomy failure is associated with > 75% mortality. 
Most of cases respond to conventional pharmacological and 
mechanical support, i.e., intra-aortic balloon pump, but some- 
times the myocardium may be refractory to these therapies 
and would require an additional mechanical support. In the 
past, the use of LAVDs in post-cardiotomy failure was asso- 
ciated with very poor outcomes, but recently its use has been 
gaining some renewed acceptance due to > 60% survival 
with the newest devices. LVAD, RVAD or BiVAD may be 
implanted depending on operative assessment and hem- 
odynamic impairment. 

4.3 LVAD Outcomes 

First generation HeartMate had an average implant dura- 
tion of 80 to 100 days with a probability of device failure of 
35% at two years.' 471 The only prospective, randomized study 
comparing maximum medical therapy to implantation of an 
early generation of HeartMate VAD in a group of extremely 
ill patients with end-stage heart disease and not eligible for 
transplantation is the REMATCH study.' 48 ' Survival of 
VAD and medical patients at one year was 52% versus 25%, 
and at two years 23% versus 8%. In addition, VAD patients 
had improvement in quality of life compared to the medi- 
cally treated cohort. Recent modifications of the technique 
and in peri-operative care have decreased the high VAD 
related morbiddity and mortality reported in the REMATCH 
trial, including the high incidence of septic complications 
and their limited long-term reliability.' 481 



To date, the HeartMate II is the most successful second- 
generation LVAD with over 6000 implants worldwide and 
improved survival rates, as experience was gained from the 
initial clinical trial results,' 49 1 to the post-approval study' 50 ' 
from 89% to 96% at 30 days; from 89% to 90% at six 
months; and from 68% to 85% at one year. The incidence of 
thromboembolic events ranged from three to six events per 
100 patient-years,' 51 ' somewhat lower than other second-ge- 
neration devices, such as DuraHeart. Fatal outcomes asso- 
ciated with device related infections were 13%-27% (drive- 
line or pump), when the second generation device infection 
was compared to first-generation device infection.' 52 ' 

The European BTT trial with the HeartWare third gen- 
eration LAVDs appears to be similar to the HeartMate trial 
results.' 53 ' Survival to transplant or ongoing support is 92% 
after 180 days in the United States bridge to transplant clin- 
ical trial (ADVANCE) presented at the 2010 AHA mee- 
ting.' 54 ' Currently, reported third generation device-related 
infections range from 10.7%-6.4%. Additionally, ischemic 
stroke occurs at a rate of 0.11 events per patient-year and 
0.05 for hemorrhagic stroke. 

Finally, the first trial in humans of the Synergy Pocket 
Micro-pump device suggested that continuous aortic flow 
augmentation improved cardiac performance by improving 
cardiac index and pulmonary capillary wedge pressure, but 
the statistical significance for the primary efficacy end point 
was not attained.' 451 

4.4 TAH: indications and outcomes 

The most radical therapy for the treatment of end-stage 
heart disease also includes the complete orthotopic repla- 
cement of the heart with a total artificial heart (Table 6). 

The CardioWest pneumatic TAH (TAH-t; SynCardia, 
Inc., Tucson, AZ, USA) has been approved as a temporary 
device for a bridge to cardiac transplantation. It is an ortho- 
topic pneumatic biventricular device that replaces the ven- 
tricles, all four valves and the proximal portion of each great 
vessel. Its main limitations remain the external power source 
and a large control console that is not portable, thereby 
restricting patients to a hospital setting. 

More than 700 CardioWest devices have been implanted 
worldwide. Several reports have suggested that the safety of 
the CardioWest TAH-t is comparable to currently used 
biventricular assist devices and LVADs.' 55 ' 

Extra-corporeal BiVADs have been associated with high 
risk with increased age, previous mediastinal operation, ele- 
vated blood urea nitrogen, elevated bilirubin levels, and mech- 
anical ventilation before implantation. Recently, Copeland 
et a/.' 56 ' have reported their study on risk factor analysis for 
bridge to transplantation with the CardioWest TAH-t. By 
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Table 6. Summary of the main features of all current assist devices. 

Thoratec Indications: right, left, or biventricular support 

Advantages: fits in a wide range of patient sizes (body surface area from 0.73 to 2.5 m 2 ) 

Pump can be changed without invasive surgery 

Can replace the entire function of the supported ventricle 

Disadvantages: need for strict anticoagulation with risk of bleeding or thromboembolism 
Large lines crossing the skin with a high risk of infection 
Limited patient mobility 
Not approved for home use 

HeartMate Indications: left ventricular support 

Advantages: No need for anticoagulation 

Portability of controller and batteries permits good patient mobility and hospital discharge 
Can replace the entire function of the supported ventricle 
Disadvantages: Drive line crossing the skin poses a risk of infection 
Left ventricle support only 

Does not fit in patients with body surface area > 1 .5 m 2 

Novacor Indications: Left ventricular support 

Advantages: Portability of controller and batteries permits good patient mobility and hospital discharge 
Can replace the entire function of the supported ventricle 

Disadvantages: Need for strict anticoagulation with higher risk of bleeding or thromboembolism 
Drive line crossing the skin poses a high risk of infection 
Left ventricle support only 

Does not fit in patients with body surface area (m 2 ) > 1.5 m 2 

Continuous-flow pumps Indications: left ventricular support 

Advantages: small size permits greater patient mobility 
Quiet 

Fit in a wide range of patient body habitus 

Disadvantages: Need anticoagulation; risk of bleeding and thromboembolism unknown 
May not replace the entire function of the supported ventricle 
Non-pulsatile flow 

Total artificial hearts Indications: advanced biventricular dysfunction 

Pulmonary hypertension? 
Cardiac tumors? 

Advantages: complete replacement of the heart function 

Disadvantages: need anticoagulation; risk of bleeding or thromboembolism 

Due to the size of equipment, they only fit in patients with larger body habitus 



multivariate analysis, none of the previously reported risk 
factors related to VAD implantation influenced survival of 
patients bridged with the CardioWest. The authors conclu- 
ded that this device can fill 'a therapeutic gap that is not 
covered by LVADs or extra-corporeal BiVADs'. 

The AbioCor TAH was designed as a completely impl- 
antable device intended exclusively as an alternative to trans- 
plantation. The design permits its complete implantation in 
the body and thus, patients are not tethered to a large air-pu- 



mping console, nor do they have transcutaneous wires or 
tubes. The system is powered by a small external battery 
that transmits power across the skin wirelessly. The initial 
clinical experience suggests that the AbioCor TAH might be 
effective as destination therapy inpatients with biventricular 
end-stage congestive heart failure/ 57,581 even if further inve- 
stigation is warranted. The company is proceeding with the 
development of a second generation of AbioCor that will be 
smaller and designed to perform well over five years. 
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5 Limitations of assist devices 

Implantation of a mechanical support with a VAD is 
associated with significant mortality and morbidity. The most 
frequent early complications remain perioperative bleeding 
and right ventricular failure. The former is often the result of 
a prolonged heart operation and is related to perioperative 
coagulopathy and platelet dysfunction induced by the extra- 
corporeal circulation. Moreover, bleeding is increased by 
routine use of anticoagulant and antiplatelet drugs in these 
patients affected by heart failure associated with frequent 
hepatic dysfunction secondary to rightheart failure. This latter 
complication, present in patients who underwent LVAD im- 
plantation, occurs in 30% of patients and its etiology is still 
a matter of debate. Elevated pulmonary vascular resistance 
induced by cardiopulmonary bypass, changes in interven- 
tricular dependence, right coronary ischemia, and other cau- 
ses have been put forward to explain this catastrophic comp- 
lication associated with a very high mortality. 1591 Late comp- 
lications of VAD implantation are device related infection 
and limited reliability. Driveline infections can be success- 
fully eradicated with wound treatment and antibiotic admi- 
nistration, while device-related infection often requires device 
exchange or heart transplantation. Device reliability is vari- 
able depending on the specific characteristics of the mecha- 
nical support device: the first generation of large pulsatile 
pumps performed well for only one to three years, due to the 
presence of several moving parts and the strain of mecha- 
nical bearings over time. The recent miniaturized axial flow 
pumps continue to work in humans for a duration of 5.5 
years/ 591 The third generation of maglev pumps allow sus- 
pension of a moving element without any mechanical contact, 
thus eliminating heat generation and wear that will take 
place at the contact surface. Nevertheless, durability and stab- 
ility of the sensors and control system could be a problem in 
the sophisticated and expensive maglev system. All the equip- 
ment operates in a biological environment at a body tempe- 
rature of 37°C and high humidity; these conditions can 
affect electronic performance and sealing of body fluid enter- 
ing the package and can lead to an increase in the proba- 
bility of failure. A simple maglev system is seen as required 
for making a long-life device. 

6 Medical management of patients with assist 
devices 

The proper clinical management of patients with assist 
devices is becoming increasingly important for optimizing 
outcomes.' 601 

Pre-implant optimization of co-morbid conditions is very 
important in minimizing the incidence and severity of post- 



operative adverse events and enhancing survival. In parti- 
cular, it is important: (1) to improve nutritional status (mal- 
nutrition is very common in candidates for an assist device, 
and if not improved, it enhances the risk of infection as well 
as the capability to recover after surgery. A body mass in- 
dex (BMI) of < 20 kg/m 2 is a marker of severe malnutrition 
(targets should be an albumin > 3 g/dL and a transferrin > 
250 mg/dL); (2) to lower pulmonary vascular resistance to 
optimize right-heart function and to reduce right atrial 
pressure and secondary hepatic congestion (targets should 
be a right atrial pressure of < 15 mmHg and a pulmonary 
capillary wedge pressure of < 24 mmHg); (3) to aggressi- 
vely manage volume to minimize right ventricular workload 
and hepatic congestion; (4) to optimize coagulation Interna- 
tional normalized ratio (INR) < 1.2, hemoglobin > 10 g/dL, 
and platelets > 150,000/mm; (5) to optimize renal (target < 
2.5 mg/dL), hepatic (total bilirubin > 2.5 mg/dl and AST/ 
ALT < 2 times normal), pulmonary, and neurologic func- 
tions; and (6) to treat any infection or provide prophylactic 
antibiotic therapy. Moreover, the patient's support system, 
psychosocial status, compliance with care, and ability to op- 
erate and care for external system components all warrant 
consideration in the patient selection process. 

Post-operative care should include complete reversal of 
anticoagulation therapy after the surgical procedure, treat- 
ment of hypertension with blood pressure that cannot exc- 
eed 90 mmHg, and instauration of proper anticoagulation 
with an INR 1.5 to 2.5 in order to avoid bleeding which is 
very frequent and to protect from thrombotic events which 
are usually common. Aspirin 81 mg to 325 mg daily is used 
for antiplatelet therapy/ 611 

Early pre-operative identification and post-operative sur- 
veillance for right heart dysfunction should be seriously 
undertaken because of the risk of increased mortality: echo- 
cardiography is a useful tool to monitor the right ventricle 
behaviour during LVAD support/ 621 A change in right ventri- 
cle shape and dimension may contribute to right dysfunction, 
since this change in right ventricle geometry is a result of 
disturbed interaction between left and right ventricle during 
LVAD support. Pathophysiology includes a rapid off- lo- 
ading of the left ventricle resulting in shifting of the septum 
from the right to the left which reduces the contribution of the 
septum to the right heart contractility. The severity of septal 
deviation and right ventricle shape together with the grade 
of tricuspid valve insufficiency may help to identify patients 
at high risk for right ventricle failure and also help to identify 
patients who would benefit from biventricular support/ 631 

7 Financial implications of assist devices 

A broader use of assist devices is limited by the financial 
impact of the global procedure. One of the most complete 
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economic assessments, a systematic review conducted in the 
UK in 2005, demonstrated that LAVDs are clinically effec- 
tive as a bridge-to-transplant, but they are not cost effective. 
Similarly, the only few studies on patients receiving LVADs 
as long-term cardiac support showed some indubitable clini- 
cal benefits for patients, but again their use did not appear 
cost effective. 1641 Larger epidemiologic surveys should be 
undertaken in order to assess the real cost effectiveness of 
assist devices in the real world. 

8 Percutaneous partial support devices 

Recently, newer mini-invasive percutaneous devices have 
been used as LVAD for 'rescue' therapy. 

8.1 Extra-corporeal membrane oxygenation (ECMO) as 
temporary circulatory support 

This kind of support is becoming an important tool for 
treating acute heart failure in all age groups. In the setting of 
profound cardiogenic shock or cardiac arrest, ECMO is a via- 
ble option for resuscitation and initiating circulatory assist. 
Existing systems requiring only few minutes of priming 
time are commercially available for treating post-cardio- 
tomy heart failure, high-risk percutaneous coronary interven- 
tions, or respiratory tract operations. 1631 Overall survival is 
approximately 50%, [651 but their use is limited to short term 
useage because of the high rate of device-related complica- 
tions, including stroke, bleeding, infection, thromboembolic 
events and vascular complications that lead to limb ischemia 
or bleeding from the access site or due to vascular injury. 

8.2 The Tandem Heart Percutaneous VAD 

The Tandem Heart Percutaneous VAD [661 is a continuous 
flow centrifugal assist device with an inflow cannula inse- 
rted percutaneously through the femoral vein and advanced 
across the intra-atrial septum into the left atrium. The extra- 
corporeal pump receives blood from left atrium and returns 
it to femoral artery via outflow cannula. The Tandem-heart 
device incorporates 9-17 F arterial cannulae and a unique 21 F 
trans-septal cannula and centrifugal blood pump. Operating 
at 7500 r/min, the pump withdraws oxygenated blood from 
the left atrium and delivers at a rate of up to 4 L/min to the 
arterial circulation. It provides satisfactory short term hemo- 
dynamic support for patients affected by post-cardiotomy 
shock and for patients undergoing high-risk coronary percu- 
taneous procedures. Unfortunately, this device has not dem- 
onstrated significant survival improvement in comparison 
with intra-aortic balloon pump. 

8.3 The Impella 

Another device used in the setting of severe ventricular 



dysfunction and cardiogenic shock following percutaneous 
procedures, or post-cardiac surgery, is the Impella (Impella 
Technologies of Abiomed Corporation). 1671 This system uses 
a microaxial pump mounted on a 9 F catheter, inserted dire- 
fly in the heart chambers or percutaneously through the fem- 
oral artery and positioned under radioscopy across the aortic 
valve to unload the failing left ventricle. This device has the 
potential for being used also as a bridge to heart transplan- 
tation, or to another permanent destination support device. 

9 Indications, results and limitations of per- 
cutaneous partial support systems 

The Tandem Heart and the Impella have been used suc- 
cessfully in several different clinical settings ranging from a 
bridge to transplant, to high-risk percutaneous and surgical 
coronary revascularization/ 68 " 711 severe allograft rejection 1721 
during high-risk abdominal surgery, 1731 and recovery from 
fulminant miocarditis, 1741 or as a rescue in critical aortic valve 
stenosis. 1751 These two kinds of pump mainly suffered from 
technical and constructive drawbacks, including the inter- 
atrial septal course for the Tandem Heart and the low pump 
power with 2.5 L/min of flow for the Impella. This last device 
has been designed also for surgical implantation which in- 
creases flow to 5 L/min. Table 5 summarizes the main 
features and applications of the most frequently used TAHs. 

From the brief overview of the current available literature 
discussed above, it appears to be clear that a completely per- 
cutaneous, long-term assist device suffers from many limi- 
tations due to current construction materials and miniatur- 
ization capabilities. 

Surgical VADs are voluminous pulsatiles and, in most ca- 
ses, need large French size cannula and surgical implant- 
ation that are very costly, although they have the advantage 
of ensuring a large flow (about 4.5 to 5 L/min), thus provi- 
ding greater cardiac assistance compared to percutaneous 
VADs. Due to their capabilities, they are the best option for 
advanced heart failure patients both for bridge and destin- 
ation therapy. 

We must recognize that current percutaneous devices, 
such as the Impella and the Tandem Heart have substantial 
drawbacks, which are the arterial access in the former and 
the mixed percutaneous/surgical implantation technique in 
the latter. Both these limitations make long-term use unsui- 
table due to the risk of infection and problems associated to 
surgical access. Moreover, the power source is external and 
both devices require a console for proper functioning. These 
features limit the upright position compatible with real life, 
and discharge from the hospital. Because of the size of the 
cannula, ranging from 9 to 10 F, providing no more than 2.5 
to 3 L/min, they cannot be an effective option for advanced 
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heart failure patients, except as a bridge to recovery, or to 
transplantation, and they cannot be employed for long-term 
treatment. 

The power source and its location is a key issue for per- 
cutaneous long-term assistance. External power sources al- 
ready in use for surgical VADs, such as NOVACOR offer 
possible options but are unreliable for very long-term assis- 
tance and offer poor quality of life. Otherwise, power sour- 
ces inside the body, as in the case of pacemakers, for ex- 
ample, may be preferable, but inevitably offer low power 
and a low degree of cardiac assistance. 

Recently, the Synergy Micro-Pump (Circulite Inc., Hac- 
kensack, NJ, USA) has been implanted in humans [45 ' 461 and 
is approximately the size of an AA battery, weighting only 
25 g, and can pump up to 2.5 to 3.0 L/min to provide partial 
left ventricular support. Because of its small size, it can be 
inserted via a right-sided mini-thoracotomy to withdraw the 
flow from the left atrium with blood returning to the subcla- 
vian artery. The pump is placed subcutaneously in the pec- 
toral region similar to a pacemaker. Although this system is 
far from being percutaneous, it demonstrates the feasibility 
of the conceptual design of having a power source, in this 
case, the pump itself, implanted subcutaneously. 

10 Future developments 

Miniaturization of the pumps and surgical devices and 
improvement in overall efficacy are the next areas of contin- 
uing technological advancement. With current scientific 
technology, we are still far from a totally percutaneously, 
implantable supporting device, which would be a logical con- 
sequence of the research to provide less invasiveness, but 
probably in the next 20 years with the implementation of 
nano-technology, such efforts can offer simpler and definite 
support devices for advanced heart failure (Figure 1). 




Figure 1. Futuristic totally percutaneous implantable perma- 
nent left ventricle assist device (virtual technology design). (A): 
Battery in subclavian pocket; (B): Pump; (C): Interatrial septal 
approach. 



11 Conclusions 

The history of cardiocirculatory assist devices is long 
with an abundance of big mistakes, but not without extrao- 
rdinary successes. It is clear that these kinds of devices still 
require a very invasive surgical procedure of quite com- 
plicated percutaneous interventions, but offer a chance of 
survival to many patients regarded temporarily, or indefi- 
nitely, as not suitable for cardiac transplant. While awaiting 
future advances, the knowledge of current devices should 
be part of the armamentarium of cardiovascular profess- 
sionals who, although not specialist in the field, may be 
occasionally become involved with the management of 
patients with such devices. 
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